Introduction
Ultrafast control of nanophotonic excitations on a subdiffraction length scale offers routes toward integrated high-speed optical interconnects. In particular, plasmonic excitations, i.e. resonant plasmon polaritons of metal nanostructures, are of interest for future applications in chip technology [1] . For these plasmonic devices the coupling between the far field, i.e. the macro-world, and the nanoscale excitations is essential, and optical resonant nanoantennas are developed to efficiently couple light to plasmonic nanostructures [2] [3] [4] . Nanoantennas are promising candidates for single-molecule applications [5] , high-harmonic generation radiation sources in the extreme ultraviolet [6] and nanophotonic circuitry [2, 7, 8] . All degrees of freedom of the incident light affect the local excitations and thus offer the possibility of coherently controlling nanophotonic excitations in both space and time [9] . In addition to the spectral/temporal phase of the incident light field [10, 11] , the polarization degree of freedom was shown to be essential for simultaneously achieving spatial and temporal control [9, [12] [13] [14] . With the increasing complexity of the nanostructure it becomes, however, less obvious how a particular spatiotemporal excitation can be achieved using suitably shaped incident light. Although two-pulse correlation measurements [15] , parameter scans [11, 14] , time-reversal concepts [16, 17] and adaptive optimization methods [12, 13] provided successful demonstrations of nanoplasmonic control, it is essential to develop a basic understanding of the control mechanisms and devise predefined rules to control local excitations. A particularly important issue is the question of how optimal control can be achieved, i.e. how the global optimum can be found. Until now only closed-loop control schemes have provided this capability in experiments. It is exactly these aspects that are addressed here. The heredemonstrated optimal open-loop control, i.e. the application of an analytically derived control rule, facilitates the future design of optimized plasmonic nanostructures that will allow realization of particular spatiotemporal nanophotonic excitations, such as, for example, ultrafast high-contrast switching below the diffraction limit.
Results and discussion
In a recent theoretical investigation of propagating modes in a branched T-shaped nanoparticle waveguide structure, we developed an analytic approach for nanoplasmonic control and demonstrated open-loop control of spatial excitation switching [18] . Optimal switching between the local linear flux in a nanostructure is achieved if the difference in the spectral phases of the two incident laser pulse polarization components is changed by π. Irrespective of the nanostructure shape, the interference of different excited modes is the underlying control mechanism. Here we demonstrate this theoretical concept of an analytically derived predefined 3 control rule in an experiment by optimal switching of the excitation between two corners of a triangular gold nanoprism. This nanostructure is highly attractive for control experiments because it has a complex response with several modes [19] [20] [21] . In a recent experiment we adjusted the relative time delay between two different polarizations and observed the constructive and destructive interference of such modes [22] . However, as opposed to the singleparameter control there, in the experiment presented here a more general multidimensional parameter space provided by polarization-shaped laser pulses is considered. This enables us to account for the complex response function of the gold nanostructure such that the relative phase between the two polarizations can be modulated separately for each frequency.
We investigate a triangular gold nanoprism with 400 nm side length and 40 nm height. The nanoprisms were prepared by e-beam lithography on an ITO/glass substrate. By dosing the nanoprisms with Cs, the work function of the gold surface was reduced below 4.6 eV to enable two-color two-photon photoemission for the given pump and probe photon energies. Two-photon photoemission electron microscopy (2P-PEEM) [23] was used to monitor the local near field with spatial resolution < 40 nm, i.e. on a subwavelength scale, by measuring spatial distribution patterns of electrons emitted from metal surfaces under photoexcitation.
The experimental setup is similar to a previously reported one [9] but modified to allow for two-color two-photon excitation that avoids interference effects between the pump and the probe, and ensures that the one-photon pump excitation at 1.6 eV is probed homogeneously across the nanostructure. Light pulses are generated by a Ti:sapphire oscillator (80 MHz, 795 nm and ∼30 fs full-width at half-maximum (FWHM)). One part is frequency doubled in a 300 µm beta-barium borate (BBO) crystal, and a transform-limited s-polarized 30 fs (FWHM) laser pulse with 398 nm central wavelength (corresponding to a photon energy of 3.1 eV) is directed onto the sample (probe). The other part (pump) is polarization shaped [24] and overlapping under a small angle (∼1 • ) with the probe beam on the sample at 65 • angle of incidence. The polarization-shaped pulses (central wavelength 795 nm) are characterized using dual-channel spectral interferometry with reference pulses measured via FROG and SPIDER [25] .
The PEEM pattern generated by probe pulse-induced two-photon photoemission (2 × 3.1 eV) alone reveals a homogeneous emission from the nanoprism surface (not shown), proving that the whole nanostructure area is uniformly probed. However, upon excitation with a polarization-shaped pump laser pulse in temporal overlap with the probe pulse, the photoemission signals localize at particular spatial regions on the nanoprism. In addition, the emission is about threefold enhanced compared to the background of two-photon photoemission due to uncorrelated pump and probe pulses. Under these conditions, the 2P-PEEM pattern reveals the joined excitation probability of the pump and the probe. Either the polarizationshaped pump pulse generates, via linear absorption, a distribution of excited electrons that is then homogeneously probed, or the probe pulse generates a homogeneous excitation, which is then locally promoted into the electron continuum. In both cases the observed emission pattern reveals the local one-photon pump interaction. Thus, although a nonlinear method is used, we investigate the linear response of the nanoprism at the pump wavelength.
For the adaptive optimization we use an evolutionary algorithm [26] . The feedback for the optimization is derived from the measured two-color 2P-PEEM patterns. Adaptive optimizations are performed using spectral phase shaping of each polarization component, i.e. no spectral components are attenuated. The spectral phases φ i ( ) are parameterized independently using a sixth-order Taylor expansion with the absolute phase of one polarization component set constant. Thus 11 independent parameter genes are varied and optimized in the adaptive learning loop. We used 40 individuals per generation, and convergence was usually reached after 20-40 generations. During the optimization process small lateral drifts of the sample occurred and were compensated for by a drift correction previous to the evaluation of each generation using reference photoemission patterns recorded with unshaped pulses.
To demonstrate optimal open-loop nanoplasmonic excitation control in an experiment, we first adaptively optimize the photoemission pattern of a triangular gold nanoprism and then apply the predefined analytic control rule derived from our theoretical considerations (figure 1) [18] . As an optimization goal the emission ratio from two corners (regions of interest (ROI) ROI 1 and ROI 2 in figures 1(c) and (e)) of the nanoprism was maximized. The corresponding fitness function is defined as the ratio f Max Mean = Max(ROI 1)/Mean(ROI 2), which is calculated based on the time-integrated photoemission yield of the ROIs at the corners of the right nanoprism shown in figure 1(c). The function 'Max' chooses the pixel with highest photoemission yield in the ROI and calculates the mean yield in a surrounding region of 7 × 7 pixels including the maximum pixel in the center. 'Mean' takes the average value of all pixels in the ROI. Compared to other fitness functions, f Max Mean enabled fast convergence while preferring high total photoemission yield. The fitness evolution during the optimization is shown in figure 1(g) (red circles). Additionally, the optimization of the opposite fitness function Max(ROI 2)/Mean(ROI 1) (blue diamonds) and the reference fitness (black crosses), i.e. the fitness achieved for an unshaped laser pulse, are indicated. The optimization started with random initial spectral phases. It is seen in figure 1(g) that the fitness in both optimizations increases continuously until the saturation is reached at generations 33 and 28, respectively. The fitness values are always greater than 1, which results from the chosen fitness functions. The different definitions of the ROIs in figures 1(c) and (e) do not significantly influence the optimization process because the 'Max' function selects the maximum-yield position.
Note that a 180 • rotated nanoprism (left nanoprism in figure 1(c)) behaves differently, i.e. no emissions at the corresponding corners are observed. Hence the response of the nanoprisms is strongly dependent on the k-vector of the incident pulse, emphasizing the importance of symmetry breaking and of a combination of k-control and pulse shaping that determines the excitation pattern seen in figure 1(c). To demonstrate optimal open-loop switching, we discuss in the following the right nanoprism and show the left nanoprism only for reference.
As shown in figure 1(c) , the emission is strong from ROI 1, whereas there is almost no emission from ROI 2 applying the optimal pulse from figure 1(a). Next, following our theoretically derived rule for an optimal switching contrast [18] , a constant spectral phase π is added to one of the two polarization components for the entire frequency range. This corresponds to a π shift of the relative phase between both polarization components. After this open-loop control step, the pump-pulse shape ( figure 1(b) ) and the emission pattern ( figure 1(d) ) change, and indeed the strongest emission is now located in ROI 2. To verify that the thereby determined pulse shape corresponds to the global optimum for the reversed fitness function, we also applied the reverse procedure.
The results are shown in figures 1(e) and (f). Here the fitness function Max(ROI 2)/Mean(ROI 1) was adaptively maximized (pulse shape not shown) and the resulting emission pattern of the adaptively found global optimum (figure 1(e)) closely resembles the pattern obtained by the optimal open-loop control ( figure 1(d) ). Application of the analytic control rule switches the emission pattern back toward strong emission from ROI 1 and negligible emission from ROI 2 ( figure 1(f) ). Optimal open-loop controlled switching and adaptive optimization of the inverse ratio yield almost identical excitation patterns and provide In the adaptive approach, the optimal polarization-shaped laser pulse (a) localizes photoemission at a selected nanoprism corner, in this case ROI 1 (c). For optimal open-loop control, a spectral phase shift of π is added to one polarization component, leading to a different pulse shape (b). This results in a subwavelength spatial switching of local fields toward ROI 2 (d). Similarly, adaptive optimization can be performed (the resulting pulse shape is not shown) for localization in the lower corner ROI 2 (e), and optimal open-loop controlled switching leads back to the emission from ROI 1 (f). The projections of the laser wave vector (k ) and polarization components (s and p ) onto the plane of the sample are shown in (c). A transform-limited 3.1 eV s-polarized pulse was used as a probe in all cases (∼30 fs FWHM). The actual fitness (described in the main text) of the best individual is plotted as a function of generation number for the two adaptive optimizations together with the respective reference patterns (black crosses) patterns recorded with unshaped pulses (g). The symbols in the upper left corners of (c)-(f) correspond to figure 2 and to the fitness evolution in (g). Under ideal circumstances, the π phase shift should result in an inversion of the pulse with respect to the center (0, 0) of the Poincaré surface. As can be seen in figure 2 , the inversion is not perfect due to pulse modification effects upon propagation through the pulse shaper and other optical elements on the way toward the sample. Such effects can be understood using a frequency-dependent Jones matrix, which is appropriate for linear optical elements and has been described in detail elsewhere [24] . The data in figure 2 have been obtained directly from dual-channel spectral interferometry. It is notable that the optimal pulse for signal localization in ROI 1 tends to be circularly polarized, while that for ROI 2 is more linearly polarized. This asymmetry is attributed to an asymmetry of the real nanostructure, i.e. deviations from the ideal triangular shape for which a symmetric behavior is expected. However, the evolutionary algorithm still finds optimal pulses that provide a good degree of control in both directions, and the optimal open-loop control rule approach also works.
To compare the results of the adaptive closed-loop and open-loop control rule-based optimizations and to obtain insight into the control mechanism we discuss the response of the nanoprism in more detail. The nanooptical excitations are localized in subwavelength regions at the nanoprism corners and allow switching via polarization control. This control is possible via either matching the orientation of the incident polarization to a local dipole or via the interference of the local fields generated by the two independent polarization components [28] .
As discussed in the following, here the latter mechanism applies and a localized mode excited by the s-polarized component interferes locally with a propagating mode generated by the p-polarized component. This control mechanism emphasizes the analogy (figure 3(a)) between nanoprisms (yellow triangle) and branched waveguide structures (gray spheres). In the case of normal incidence the orientation of the electric field vector with respect to the edges of the triangle determines the resulting near-field distribution. If the electric field is oriented along a nanoprism edge, a dipole mode parallel to this edge is excited, leading to strong field enhancements at the corners of this edge [29] , i.e. in ROI 1 and ROI 2. For an electric field perpendicular to one edge, a relatively weak near-field enhancement along this edge and a strong enhancement at the opposite corner are observed [30] . In the present case the nonnormal incidence breaks symmetry and the emission pattern for p-polarized illumination differs from this behavior (figures 3(b) and (c)). The two-color 2P-PEEM images reveal the near-field distribution of the triangular nanoprism under illumination by an unshaped transform-limited p-polarized pump pulse (1.6 eV photon energy) and change with the wave vector orientation with respect to the nanoprism (figures 3(b) and (c)). The highest field strength always appears at the corners of the triangle opposite to the incoming wave. This suggests that propagation or retardation effects significantly influence the actual field distribution. We therefore suggest that the incident wave interacts with the edges of the nanostructure and launches propagating modes that then focus in the opposing corners of the triangle, leading to strong field enhancements in the corners, i.e. in ROI 1 and ROI 2 ( figure 3(b) ). The excitation patterns generated by s-and p-polarized excitations overlap and we therefore conclude that the achieved control of the switching in nanoprisms is mainly caused by coherent propagating modes and their interference with a localized mode excited with s-polarized light. This is supported by the similarities in the near-field control behavior of nanoprisms and waveguides and will be substantiated in a forthcoming publication. Nanooptical switching was demonstrated in theoretical investigations for branched plasmonic nanoparticle waveguides as they are depicted schematically in figure 3(a) [14, 18] . In a waveguide structure, the direction of the propagating modes and thus also the resulting near-field distribution is determined by the direction of the incident fields. This suggests that under p-polarized illumination also for the nanoprisms a broadband coherent superposition of propagating modes which critically depend on the k-vector orientation of the incident light are responsible for the efficient high-contrast switching of the optical near-field distribution at the corners of the nanoprism.
Conclusion
In summary, we provide the first experimental demonstration of optimal open-loop control of nanooptical excitations. Although applied here to achieve near-field localization and switching in a gold nanoprism, the method is general and is not restricted to that particular geometry. If the optical response of a plasmonic nanostructure is not known, the optimal open-loop approach may be used together with an adaptive optimization to achieve near-field control and switching.
If the complete spectral response is known, the first adaptive optimization step is not necessary. In addition, the nanoscale switching achieved demonstrates experimentally the proposed optical near-field control via the local interference of optical propagating and localized near fields driven by the two independent incident polarization components. Near-field coherent control by analytic pulse shaping is expected to improve the controllability of ultrafast nanooptical light-matter interactions and will help us to design novel nanophotonic devices, realize active control of plasmonic nanocircuits, and develop single-molecule, nanophotonic biosensors and other spectroscopic applications. A high degree of near-field control in plasmonic nanostructures such as antennas, waveguides and metamaterials might be achieved. The optimal open-loop scheme may also be useful for other scenarios, such as coherent control of molecules, when suitable response functions are available either through calculation or from (nonlinear) spectroscopic experiments.
